R ecent reports of asymptomatic cerebral lesions imaged with diffusion weighted MRI (DWI) after catheter ablation of atrial fibrillation have raised concerns about the safety of this procedure. [1] [2] [3] [4] [5] It has been speculated that these DWI lesions may be the result of cerebral microembolization, and that they could be a marker for procedure-related clinical stroke risk. 6 In addition, some speculate that the asymptomatic cerebral DWI lesions may, in fact, be associated with subtle abnormalities discernable with neuropsychiatric testing. 7, 8 It has been established that thrombus, gas bubbles, and particulate debris (coagulum) can be introduced or produced with left atrial catheterization and catheter ablation in this chamber.
Animal Preparation
Twelve research-bred hound dogs, weighing 23.5+2.4 kg (range, 20.4-29.4 kg) were sedated with morphine, then anesthetized with propofol and isoflurane, and mechanically ventilated. With the canine in dorsal recumbency, the femoral artery was accessed with a 9 Fr (French) sheath via cut-down for selective cerebral arterial catheterization. In 2 animals, a 5 Fr AL-1 coronary guide catheter over a 0.014 guide wire was positioned in the left vertebral artery with the aid of angiography. The catheter was positioned at the level of the second cervical vertebrae, and gas emboli or particulate emboli were injected in a series of doses, with up to 5-minute interval between each dose. Angiography was used to define the cerebral occlusions created by the emboli. A final angiogram was performed to compare with baseline. In the remaining 10 animals, the right femoral artery was used for vascular access. A 6 Fr AL-1 coronary guide catheter over a 0.035 guide wire was positioned in the right carotid sinus with the aid of angiography. The 6 Fr guide catheter was exchanged for a 4 Fr guide catheter over a 0.014 guide wire. The 4 Fr guide catheter was positioned ≈10 mm into the right internal carotid artery. Embolic dosing was performed in the manner described for the vertebral injections. Eleven animals were injected with embolic material and recovered from anesthesia and observed. There was 1 sham animal studied.
Cerebral Embolism Model
Two types of embolic material were tested: particulate embolism from coagulum-like material; and gaseous microbubbles. The test animals received an injection of only 1 type of emboli, solid or gaseous, not both. Coagulum particles were created as a sterile preparation from blood that was heated, dried on a hot plate, crushed, then sieved to particle size ranges of 75 to 250, 75 to 500, or 90 to 600 µm (US Standard Sieves, 75, 90, 250, 500, and 600 µm). These particles were then suspended in saline for injection into the vertebral or internal carotid artery. Dosing was performed in 4 injections, separated by ≈5 minutes, each injecting >1000 particles of 1 of the 3 size ranges.
Gaseous microbubbles were created by mixing 0.5 mL of room air with 2.5 mL blood, 1.25 mL radiopaque contrast (Isovue-370, Bracco Diagnostics Inc), and 1.25 mL saline. This combination was agitated between 2 syringes with an interposed stopcock. Two, 3, or 4, of these 0.5 mL doses of air microbubbles were delivered, with each dose separated by ≈5 minutes. Ultrasonic characterization (Gampt BC100, Merseburg, Germany) of the microbubble size distribution of this agitated mixture showed this method to produce a relatively small bubble size distribution, emulating what is produced by radiofrequency (RF) ablations.
The sham animal underwent the same procedural preparation and received similar numbers of cerebral contrast injections, including the sham injection which contained a mixture of 2.5 mL blood, 1.25 mL contrast, and 1.25 mL saline (no particles or gas).
MRI
Animals were anesthetized and underwent MRI at preprocedure baseline and on days 1, 2, and 4 postembolization. Acquisition details are described in the online-only Data Supplement 1. Diffusion weighted imaging, fast spin echo fluid attenuating inversion recovery (FLAIR) imaging, and T2 weighted imaging were acquired in axial and coronal planes. MRI scans were analyzed by a board-certified neuroradiologist. Individual lesions seen on DWI were measured for maximum diameter on axial and coronal images and confirmed on FLAIR sequences for presence of edema related to the ischemic lesion. The numbers, dimensions, and locations of all lesions were recorded at each of the postembolization MRI time points.
Neurological Testing
Neurological testing was performed on all animals preprocedure and at 1, 2, 3, and 4 days postembolization. The neurological examination assessed muscular tone, state of arousal, and motor coordination. These measurements were scored relative to zero as baseline normal.
Abnormal scores for vigor and muscle tone could be rated at positive 1 to 3 for increased neuromuscular hyperactivity or negative 1 to 3 for reduced neuromuscular control or function. Scoring for arousal activity was again centered at zero for normal baseline and abnormalities could be scored at positive 1 to 3 for levels of increased hyperactivity or negative 1 to 3 for reduced state of consciousness or response to stimuli. Motor coordination was scored at zero for baseline normal level, whereas increasing levels of coordination deficit were scored positive 1 to 3. Details of the neurological examination test criteria are provided in Table 1 .
Pathology
After the day 4 MRI, each animal was euthanized with pentobarbital and phenytoin sodium overdose and underwent necropsy. The brain was sectioned into 5-mm thick coronal slices and select samples were stained with the vital stain, triphenyl tetrazolium chloride. The location and size of any cerebral lesion was compared with the DWI. Specimens were fixed in 10% neutral buffered formalin and processed routinely for histology. Paraffin sections were stained with hematoxylin and eosin. Histopathology was completed for all animals
Data Analysis and Statistics
All data were recorded prospectively in an Excel database (Microsoft Corp., Redmond, WA) and analyzed with Statistics Analysis System (SAS, Inc, Cary, NC). Continuous data are expressed as mean±SD. Categorical data are presented as counts (%).
Results
Compared with baseline angiography, the cerebral angiograms performed after direct cerebral injection of embolic material in canines was characterized by a reduction in tissue blush or occlusion of cerbral branch vessel flow. The results of experimental embolization are presented in Table 2 . One animal died immediately after 4 injections of a microbubble mixture of blood, contrast, saline, and 0.5 mL of air (2.0 mL total air volume), a second animal died after injection of particles before any imaging, and a third animal died after particle injection but after completion of day 1 imaging. Therefore, MRI scans were performed at day 1 in 10 animals, and at days 2 and 4 in 9 animals. Five animals showed evidence of focal hyperintensity on DWI (Table 2) . Lesions observed on DWI were confirmed on corresponding apparent diffusion coefficient maps and FLAIR sequences. Many were typical for the types of lesions seen in patients post atrial fibrillation (AF) catheter ablation on cerebral DWI ( Figure 1 ). Two of these animals had been subjected to microbubble injection, and 3 had received particle injection. No lesions were seen in the sham animal. The majority of lesions were subcortical in location, although 29% of the lesions were in deep white matter. The dimensions of the observed DWI lesions ranged from barely detectable to 31 mm in 1 dimension, with a median maximum diameter of 3.2 mm (interquartile range, 2.4-7.3 mm). The lesion hyperintensities discernable on DWI scans diminished between the scans on day 1 versus day 4 ( Figure 1 ). The corresponding FLAIR signal increased in the most affected regions, but decreased in less affected regions suggesting reversible ischemia. The numbers of discernable lesions on DWI scans diminished between the scans on day 1 versus day 4 as well (Table 3) . Neurological testing showed normal arousal, muscle tone, and motor coordination in all animals except animal No. 3 that had received microbubble injection, and animals Nos. 7 and 8 that received particle injection. For animal No. 3, all 3 neurological test categories showed effects the day after injection with significant recovery on day 2. At days 3 and 4 postinjection, the animal's neurological scores had returned to the normal zero baseline values (Table 3) . The other 2 animals with postinjection neurological findings died within the first day.
None of the 6 surviving animals with normal DWI scans (including the sham) showed evidence of significant cerebral lesions on postmortem examination. In contrast, all 5 animals with abnormal DWI scans and the 2 animals that died before the first postinjection scan had evidence of significant gross or histopathologic changes. The anatomic locations of the changes on pathology correlated well with the location of the hyperintense foci observed on MRI where both DWI and corresponding FLAIR hyperintensities were present ( Figure  2 ). Four days after microemboli injections (animals 2 and 3), cerebral lesions were characterized by a prominent vascular reaction accompanied by a mild lymphocytic perivascular infiltrate, a mild glial reaction, and occasional neuronal necrosis (Figures 2 and 3) . Focal hemorrhage was minimal to mild. The lesions affected multiple areas of the brain, more in the cortical gray matter extending occasionally into the adjacent white matter. Some of the hyperintensities were typical for the types of lesions seen in patients post AF catheter ablation on cerebral DWI (Figure 2 ). Two animals had discrete deep white matter lesions after microparticle injection. Four days after particle injections, 2 caudate nucleus (animal 6) and 1 large thalamic lesion (animal 9, widest diameter 5.85 mm) were found. One case showed the artery to that distribution was filled with particle debris (Figure 4 ). Particles were also noted in many meningeal arteries (not shown). Histology of the deep white matter lesions showed a well-demarcated separation of the neuropil with total neuronal necrosis, mild macrophage infiltration, and mild multifocal hemorrhage (acute to subacute infarct). The magnitude of pathological changes was greatest in the animals that died within 24 hours of injection. The brain of the last animal with MRI changes (animal 8, particles, day 1 MRI only) showed abundant particle emboli in the meningeal vessels on gross examination. Small cortical foci with vacuolation of the neuropil and with necrotic neurons were detected on histopathology. Animals Nos. 4 and 7 died after air and particle injection, respectively. The magnitude of pathological changes was greatest in these 2 animals as both showed brain swelling and on histology extensive areas of neuronal necrosis.
Discussion
Asymptomatic lesions on DWI scans have been reported after several cardiovascular interventions including coronary artery bypass surgery, 10,11 carotid endarterctomy or carotid artery stenting, 12, 13 transcatheter aortic valve implantation, 14 and most recently catheter ablation of atrial fibrillation.
1-5 During AF ablation, both particle debris and bubbles can be produced with an overly aggressive tissue ablation, and air bubbles can be introduced into the left atrium by a variety of mechanisms associated with catheter insertion into the transseptal sheath. Although the production of this embolic material has been demonstrated in animal models 9 and in patients, 15 the causal link to production of typical DWI lesions has not been fully established.
The findings of the current study were that brain injection of either air microbubbles or large numbers of small particles of dried blood could result in DWI detectable cerebral lesions about half of the time. The doses of gas microbubbles and particle embolic debris delivered to these animals to create detectible lesions on DWI were high. In the case of gas microbubble injections to the internal carotid, interestingly, it was found that 1.0 mL did not produce lesions on DWI nor neurological symptoms, whereas 2.0 mL caused early death of 1 animal. The 2 animals injected with 1.5 mL of microbubbles survived and had lesions on DWI. The animal with vertebral injection of larger (up to 600 µm) particles had a discrete thalamic lesion. This may be due to the close proximity and relatively lesser tortuosity of the artery distal to the injection site, or to occlusion of more proximal larger cerebral arteries due to the larger particle size. Of the animals injected with particle debris, those receiving smaller (<250 µm) particle injections first were more likely to manifest cerebral lesions and neurological findings. Despite unilateral injection of the embolic material, bilateral cerebral lesions were produced, highlighting the significance of collateral circulation via the circle of Willis in the cerebral vasculature. It is also possible that injection of embolic material caused a diffuse vascular reaction accounting for the multiple bilateral lesions. It was speculated that the larger size particles occluded the cerebral vessels too proximally, and allowed collateral circulation to support distal tissues. Of note, the small particle size (<250 µm) found to most effectively reproduce small punctuate lesions on DWI scans like those seen in the clinical setting was similar to the particle size range of embolic material generated with RF ablations in our animal model of left atrial ablation. 9 Importantly, when lesions were observed on DWI and FLAIR scans, there was invariably histopathologic evidence of cerebral injury. Thus, even though there is some debate about the clinical significance of the MRI findings in these patients, the current study supports the belief that they can represent subclinical but pathological small vessel cerebral infarcts. Almost half of the experiments resulted in no MRI or pathological lesions despite introduction of an embolic load. Thus, direct cerebral embolism of air or particulate matter in the canine does not guarantee cerebral injury.
Past Studies
There have been several studies with AF ablation since 2006, in which DWI acquisition was done before and within 24 to 48 hours after the procedure. More than 850 patients with paroxysmal, persistent, and longstanding persistent AF have undergone DWI using various technologies. [1] [2] [3] [16] [17] [18] [19] [20] In all studies the incidence of lesions observed on the DWI varied from 4% to 45%. Most acute lesions were silent, with only 3 reported patients (0.4%) that developed neurological symptoms. About 70% of the AF ablation patients with DWI imaging underwent ablation with irrigated RF ablation catheters. In this group, the incidence of acute DWI lesions varied between 6.8% and 38.3%. The reason for the wide variation is not known. In 2 studies in which phased RF technology was compared with irrigated RF, the incidence rate with phased RF was 37.5% and 38.9% and statistically higher than with irrigated RF and balloon cryoablation. The predictors of DWI lesions have been cardioversion during the procedure, activated clotting time levels, ablation technology used, and presence of coronary artery disease. The likely cause of the increased incidence of DWI lesions when using phased RF was determined in our animal model of left atrial ablation. 9 The mean diameters of DWI lesions in the current study were similar to clinical DWI lesions after AF ablation, which range between 2 mm and 15 mm (volumes, 0.004-1.8 On DWI the lesions were barely discernible on day 4 and also grossly the brain was devoid of changes. In contrast, via histopathology (bottom row, hematoxylin and eosin stains), there were multiple small cortical areas (white circles in assembled panel of necropsy slab) that were found predominantly but not exclusively in the regions noted via DWI. Histopathology changes on higher magnification (scale bar=200 μm) were made of prominent endothelial and mild glia cell proliferations in each focus. The red circle is around a diminishing hyperintense DWI focus. mL). [1] [2] [3] [4] [16] [17] [18] [19] This contrasts significantly with the mean/median volume of the lesions observed after ischemic stroke which range between 13 and 45 mL. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Therefore, the mean lesion volume after AF ablation is a few hundred times smaller than that observed with clinical strokes. Because smaller lesion volumes have been shown to give rise to less severe symptoms, 24 this may explain their silent nature. Another important observation has been the regression of acute DWI lesions on subsequent long-term MRI imaging. 3 In this recent study, patients with acute lesions after AF ablation had chronic T2 MRI scans at a median of 3 months post AF ablation. Ninetyfour percent of the lesions regressed and all of these were <10 mm in diameter. Only 3 lesions (1 in each of 3 patients) that were >10 mm diameter persisted without causing any neurological symptoms. Therefore, the small acute lesions tend to resolve and not cause a chronic infarct. The current study demonstrated that creation of the punctate DWI lesions seen in humans was achieved when gas microbubbles of a small 20 to 200 µm diameter were injected in canines. It was also found that injection of blood coagulum particles of <250 µm created punctate lesions. Larger particles commonly lodged in the proximal cerebral vasculature, allowing collateral circulation to support the tissues. The vertebral arterial injection of 90 to 600 µm diameter particles resulted in a large thalamus lesion, but no punctate lesions.
DWI Lesions and Neurocognitive Function
The small size of silent DWI lesions may lead to very subtle neurological defects that are only discernable with sensitive neurocognitive testing. This has been extensively investigated after coronary revascularization surgery in a review of 22 publications during the past 30 years in which long-term postoperative neuropsychological testing was performed. 10 An association between postoperative cognitive decline and cerebral emboli by DWI (7 studies) or transcranial Doppler (15 studies) was observed in only one third of the studies. This conclusion was confirmed in a study of 356 patients, in which no correlation between the emboli and postoperative cognitive decline was observed at 3 months after cardiopulmonary bypass. 11 One published report of neuropsychological testing after catheter ablation of atrial fibrillation examined 5 neurocognitive domains before and at 3 Figure 3 . The diminishing cortical lesion identified via diffusion weighted MRI (DWI) from day 1 to day 4 after air injection in animal 2 corresponded to very indistinct discoloration and minor stippling on the fixed-tissue section counterpart on day 4 (top row). However, via histopathology, this area (outlined by arrows) and numerous regions elsewhere in the more rostral cerebrum (white circles in coronal slab in bottom row) showed severe endothelial proliferation, moderate glia cell activation, and a mild perivascular lymphocytic infiltrate (hematoxylin and eosin stains, top row scale bar=3 mm, bottom row scale bar=100 μm). in the decrease of a large hyperintense thalamic lesion in animal 9 that received blood particles (top row). The lesion was beige (necrotic) after gross characterization via TTC vital staining (bottom left). Associated with this infarct was an embolized blood particulate (open arrowhead). On histopathology, tissue changes in this singular focus comprised separation of the neuropil with total neuronal necrosis, mild macrophage and neutrophil infiltration, minimal vascular activation, and mild multifocal hemorrhage (hematoxylin and eosin stain, magnification bar=200 μm) months after ablation. The ablation group showed worse outcome in 1 of the 5 domains (verbal memory), but this decline was not associated with the presence of acute DWI lesions. 19 The current study found a correlation between the number of DWI detected lesions and transient neurological function in one of the microbubble injected animals. The number of lesions (44 lesions) and neurological decline both peaked at 1 day postembolization and diminished at day 2. On days 3 and 4, neurological function had returned to baseline normal levels. Interestingly, all of the other injection animals that survived the injection were scored at zero (normal baseline) at all time points postinjection. This includes the particle injected animal with the large thalamus lesion and the microbubble injected animal that was found with only 5 lesions.
Limitations
The current study created cerebral lesions on DWI by direct injection of air microbubbles alone and with particulate debris into the cerebral circulation. The volume, persistence, and rheology of this embolic material may not directly represent the material generated during catheter ablation. The canine model may not be an ideal model to study cerebral emboli and injury due to differences in cerebral perfusion collateral cerebral blood flow, and neurophysiology compared with humans. No conclusions can be drawn regarding dose versus response that could be related to humans. With investigational animals, neurological assessment postintervention was able to diagnose gross deficits, but it is not possible to evaluate subtle neurocognitive changes.
Conclusions
Acute ischemic lesions detected with DWI can be produced experimentally with cerebral embolism of solid particles or gaseous microbubbles. Small punctate DWI lesions were created using either small-size particles (<250 μm) or gas microbubbles. Lesions found on DWI and FLAIR sequences correspond to pathological changes on day 4. Many of the lesions seen on DWI regress throughout this period. The long-term clinical significance of asymptomatic DWI lesions observed after catheter ablation of atrial fibrillation is unknown, but efforts to minimize production of microbubbles and microembolic particle debris during catheter ablation are warranted.
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